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(54). Wide.frequency rangje VCO with low |Mer 

(57) Eacli starved-inverter cff ai voltage controlled 
ring oscillator has an output transfer gate associated 
therewith. The pair of complementary switches (M- 
TP.MTN) composing a transfer gate being controlled in 
common with the relative current generators of the 
starved-inverter stage, by the frequency control voltage 
(Vc) and by the voltage difference between the supply 
voltage and the control voltage (Vdd-Vc). respectively 
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The frequency produced by the oscillator is linearly 
proportional to the control voltage (Vc) and inversely 
proportional to the square root of the supply voltage 
(Vdd). for an enhanced noise immunity and inproved 
frequency stability. 
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Description 

The present invention relates to d voltage controlled ring oscillator (VCO) with a wide frequency range and 
enhanced noise immunity, particularly suited for implementing phase locked (PLL) control systems. 
5.1. Phase locked loop systems (PLLs) are often integrated in VLSI devices, typically in integrated circuits for specific 
applications (ASICs) microprocessbrs. and the like. 

PLLs are often used as frequency synthesizers capable of generating square wave frequencies that may vary from 
10 to over 200 MHz starting from an input dock signal with a frequency commonly comprised between 1 and 4 MHz. 

PLLs are also used for square shaping or reshaping clod< signals, for recovering digital data. etc.. Whichever the 
10 type of application. PLLs must have a ^hort term instability of the output frequency (output jitter) as low as possible. In 
other words, tfley must be highly immune to causes of short term instabilities, in other words, to high frequency noisa 

The presencie of a marked jitter is highly detrimental in VLSI applications because the output square wave pro- 
duced by the PLL system has a degree of uncertainty of the rise and fall fronts, which if used. as system dock signal 
may negatively affect system's becaus'e oif a reduction of the time-scale margins for a correct handKng of data and of 
IS the data retention time. • 

Very often PLL systems must ensure a maximum instability of the switching fronts of the output signal below about 
0.5 ns. notwithstanding tiie fact tiiat tiiey must function in a relatively noisy "environment". 

Short term instabiUty Qitler) in VCO, reaBzed in VLSI CMOS technology, is primarily caused by the high frequency 
noise that is generated within tiie integrated drcuit and which is trijected in the VCO of a PLL through the supply rails, 
20 as well as tfirough the control voltage (Vc) line of the output frequency generated by the VCO. 

A block diagram of a frequency syntiiesizer based on a PLL employing a voltage controlled osdilator (VCO) is 
depicted in Fig. 1. 

Notwithstanding ti^t the behavior of a phase locked loop is in some measure similar to tiiat of an adaptive filter and 
that therefore tiie long term instabilities of the input clock signal are effectively filtered, short-term instability caused by 
2S the noise coming from the supply^Tails^nd from the control voltage line remains a difficult problem to be solvedipespe^ 
dally in VLSI devices.v 

Among tiie circuit blod<s thatM^mposea PLL, the phase.an€tfreqMency^Coqapac?it©fi^ 
are intrinsically immune to short terminstab^iiieMA^^ 
pared witii the high frequency noise that iiPRonwri^i j^ 
30' besaidthatthecomrolofjitterinaPLL may^ FecondueteM0pr<^^ 
. immunity toward high frequency noise. > 

Substantially, most of the times in VLSI applications; theAJpO^mpteyje^^ 
age controlled ring osdilator. A ring osdilato^offeraa higft)tEgaie«nd a^greal?stabildi^^ relativeiy^knpte^^M least bur- 
densome way. 

35 A typical ardiitecture of a VCO IS depicted Fig^. The VPObis ir^men^pfifej^ Of invert- 

ing (delay) stages connected in cascade, each commonly being a so-called starved- inverter composed of transistors 
M1 ; M2, M3 and M4. Each inverting stage is often followed by a Schmitt trigger drcuit for provkling a partial filtering of 
short term frequency instabilities. 

In a s/arv8c/-/nve/ter, the transistors M1 and M4, controlled by the output signals produced by the voHage-cun'ent 

40 control converter, act as cun-ent sources, while the transistors M2 and M3 work essentially as digital switches by ena- 
bling tiie source and sink cun-ents. Therefore, ttie node n1 is alternately charged and discharged, thus causing tiie 
switching of tiie output Schmitt trigger (SI) associated with the inverting stage when its triggering tiiresholds (in tiie two 
switching directions) are crossed. The signals propagate through the N inverting stages of the oscillator producing a 
square wave output signal F_OUT 

45 Because of tiie hysteresis toward the input voltage signal switchings, tiie use of a Schmitt trigger at the output of 
each inverting stage of the ring oscillator tends to reduce the instability of the switehing point of the inverting stage. 

However, tiie noise tiiat is injected tiirough the control voltage line Vc as well as ttirough ttie supply rails (Vdd arid 
GND), in practice modulates the switching ttireshplds of tiie various inverting (delaying) stages that compose the ring 
oscillator tiius.causing a jitter of tiie switching fronts of the output signal. 

so Moreover, in known VCOs the output frequency varies linearly with the supply voltage and the PSR is intrinsically 
poor. Furthermore, the frequency produced by ttijB VCO increases witii tiie supply voltage and tiiis makes the transfer 
function of tiie PLL (and ttierefore its stability) strongly dependent on the operating voltage unless effective but costiy 
voltage regulation circuits are implemented. Notwithstanding the use of a Schmitt trigger at the output of each inverting 
delay stage of tiie ring oscillator, the amount of noise that is effectively filtered out is relatively modest. In a circuit work- 

ss ing at 5V, a PSR of 10%/V is normal in known systems. 

There is clearly a need and/or utility for a voltage contrdled oscillator (VCO) that, though being based on a ring 
oscillator architecture, offering a relative intrinsic stability, high gain and sturdiness witii a relatively modest and least 
burdensome circuit complexity, has a markedly reduced sensitivity to supply voltage ^wiations and an enhanced hys- 
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teresfs of each inverting stage so as to ensure a higher rejection of high frequency noise. The circuit should remain eas- 
ily integratable in CMOS technology. 

A method for markedly improving the ability to reject disturt)ances coming from the supply rails and from the control 
voltage line of a voltage controlled ring oscillator has now been found and represents an object of the present invention. 

5' Basically the method consists in making the output frequency produced by the osdltator directly proportional to the 
control voltage and inversely proportional to the square root of the suddIv voltaoe . Such an objective may be imple- 
mented by enploying in place of a Schmitt trigger at the output of each inverting (delaying) stage of the ring oscillator 
as commonly done in the prior art .VCOs. a transfer gate composed of a pair of parallel complementary switches, 
between the output of each inverting stage and the input of the inverting stage that follows in the diain of cascaded 

10 stages and by controlling a switch of the pair constituting the transfer gate in common with the relative current generator 
of the starved- inverter that constitutes the inverting stage by the control voltage and the other switch of the pair and the 
other cun-ent generator by the voltage difference between the supply voltage and the control voltage. 

A furttier advantage deriving from such an embodiment of the invention is that an exceptionally high hysteresis is 
produced in each inverting stage of the ring oscillator, which may reach up to 80-90% of the supply voltage, thus further 

IS increasing high frequency noise rejection ability. . 

Differently from the known architecture, the voltage controlled oscillator of the invention does not require a voltage- 
to-current converter for driving a first starved-inverter of the chain of inverters. According to the invention, the first 
inverting stage may be in practice a simple unit gain voltage shifting stage driven directly by the control voltage signal, 
while all the following inverting (delaying) stages (in an even number} are customarily starved-inverters, each followed 

20 by a transfer gate. 

The different aspects and advantages of the invention will become even more evident through the following descrip- 
tion and analysis of an important emtxxliment and by referring to the annexed drawings, wherein: 

Rgure 1 is a t>lock diagram of a PLL employing a VCXD; 
25 Rgure 2 shows the structure of a ring type VCO. according to a known technique; 

Rgure 3 is a diagram of a voltage controlled ring oscillator made according to the present invention; 
Hgures 4a and 4b show the internal voltages of the VCO of the invention according to a simulated operation; 
Hgure 5 shows characteristic ounces of the VCO of the invention simulated for different supply voltages. 

30 Referring to Fig. 3, the VCO*s control circtdt. responsive to a control voltage signal Vc, basically consists of a first 
inverting stage in the form of a unit gain voltage shifter, formed by a pair of complementary transistors MVN and MVP. 
This voltage shifting stage outputs a voltage difference between the supply voltage Vdd and the control voltage Vc. 
The oscillator further comprises a plurality of delaying inverting stages of the so-called starved-im/erter type, in an 
even number, an output driver and a control logic circuitry (Reset, Test By-pass Logic) functionally coupled in the feed- 
35 back line of the ring oscillator. The control logic trfock may be similar to the control fc>locks that are normally employed in 
ring type VCOs for implementing a reset, stop and by-pass function for performing tests on the integrated circuit. 

The voltage shifting a stage is preferably made by a pair of complementary transistors MVN and MVD designed so 
as to have an identteal transconductance for ensuring a unit voltage gain. The stage shifts the control voltage Vc so that 
the following delaying inverting stages cascaded therefrom which form the ring oscillator are controlled in their n-chan- 
40 nel sections directly by the control voltage Vc and in their p-channel sections by a voltage difference between the supply 
voltage and the control voltage (Vdd-Vc). 

An output transfer gate composed of a pair of complementary transistors functionally connected in parallel is cou- 
pled to the output of each starved-ihyerter delay stage that follows the first inverting stage represented by the unit gain 
voltage shifter. The starved-mverter stages may be in an even number so that the total number of inverters in the reac- 
45 tion loop of the oscillator be odd. The complementary tranisistors that form each of sakJ output transfer gate are driven 
in common with the respective cun^ent generators of the starved- inverter stage to the output of which the transfer gate 
is associated, namely: by the control voltage Vc for the n-channel section and k>y the voltage difference Vdd-Vc for the 
p-channel section, respectively 

With reference to the diagram of Rg. 3, an analysis of the operation of the drcuit of the invention is hereinljelow 
so reported. The analysis refers to a first starved-inverter stage, that follows the unit gain inverting stage that constitutes 
the control voltage shifting stage, the load of which is represented by tiie pair of transistors MjN and MjP of a following 
sfan/ec^-/nverfer stage. 

As said above, the transistors MVN and MVP that form ttie inverting control voltage shifting stage (having a unit 
voltage gain) are designed so as to have the same transcoriductance, that is: 

55 

Q'" MVN =9"^ MVP 

This identity of ti'ansconductance may be considered verified in tiie range of variation of electrical parameters due 
to the process spread and of the operating tenperature. 
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Therefore, in first approximation. MSN and MSP are both biased with a same |VQS|. In fact MSN is biased by the 
control voltage Vc. while MSP is biased by the difference Vdd-Vc, both referred to ground potential. 
The allowed range of. variation for the control voltage Vc may be set as: 

5 0.25 < Vc/Vdd < 0.66 

By assuming the node A charged to Vdd, the node B is also charged to Vdd and therefore the transistor M1P is ON 
while the transistor Ml N is OFF. 

In these conditions. MTN is OFF andsMTR Is ON. When the reaction node of the.ring o^iHatec>«witd:i6Si.MtNcon;< 
10 ducts and MSN starts to discharge the node A by^%,constani current The voltage OQ^theifiode^traeks tiiie voltage, of - 
the node A. 

When: - 



15 



V(A) » V(B)> Vdd - Vc + |V jpl = VI 

the transistor MTP tums OFF too, thus the node B is practically dteconnected from the node A and clamped to the volt- 
age V1 . The transistor MSN continues to discharge the node A through a linear voltage ramp. 
When: 

20 V(A) « Vc - VjN = V2 

MTN turns ON. the charge distributes itself over the nodes A and B, the voltage V(B) is pulled down toward the voltage 
V(A) and finally both nodes A and B assume the same potential, which is much lower than the switching threshold of 
the following inverting stage. Therefore, the following inverting stage (N^T and MjN ...) switches thus propagating the 
25 signal through the chain of delaying ahdlMvertrn^^istages Of the V^C^ 

The voltage swing of the signal in the first starved-inverter stage, before the following inverting stage switches, is 
therefore equal to Vdd-V2. 

It may be demonstrated through similar deductions that when the node A starting from ground potential reaches 
the voltage Vdd, the damp voltage V1 is given by: 

30 

V(A)r«.V(^avVG vVtn S.yS 

while charge distrilHJtion lakes ptace»whefT^ 

35 V(A)s*^Vdd^«'*spfefl^ 

the voltage swing being equal to V2. 

In conclusion, the output signal swing of the first sfan^ed-/A7ver/er stage of the oscillator, before the following invert- 
ing stage switches, in eitiier direction, (rise and fall of tiie voltage on the node V(A)) is given by: 

40 . 

AVaVdd-Vc + VT 

on account of the assumption that: 
^ Vtn-|VtpI-Vt 

The delay of propagation through the N+1 Inverting stages that form the reaction loop of the VCO is given by: 

' VCO ~ 

(N+1)C,^AV/I^ 

so 

wherein is the charge/discharge current through MSN and MSP. thai is: 

|^ = p(Vc-VT)^ 

55 Where P = Pmsn = Pmsp 

considering tiiat MSN and MSP are designed to have the same gain, tiie output frequency of the VCO is given by: . 
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f vco = I'ST = const X Ctoad •\(Vc-VT)'/(V*l-Ve-yx) 

where Qoad essentially the drain junction capacitance of M1N. MIR MTN and IVItR The gate capacitances of tran- 
5 sistors MjN and MjP are effectively decoupled from the node A and therefore they do not contn'fajute to 
By assuming a step-junction profile, the following expression may be written: 

CdValn(V) = CX)nSt.X(1-V/«-®^ 

10 where 4> is constant dependent from the fabrication process. 

in first approximation, C|oed corresponds to the abovie indicated drain capadtanoe. averagdd over AV, that is: 

C toad o const. X ((1 + AV/*) - 1)/Vdd 

15 Therefore, 

f vco = const X [Vdd/((1 + AV/*) - 1)1 x (Vc-V^) ^/AV 
By considering the definition of the AV parameter, the last equation may be simplified as follows: 

20 

f vco « co"St. X Vc/Vdd 

According to premises, the output frequency produced by the VCO is a linear function of the control voltage Vc, 
while it varies with Vdd according to an inverse square root function of the supply voltage. 
25 The advantages that are okrtained are evident. 

- High PSR 

To a variation of 10% of Vdd corresponds a variation of just about 3% of the frequency generated by the VCO. 

30 

- Larq? Hva?r^§ig 

By assuming for example: Vdd=5V, Vc=2V and V^^l V, the maximum AV excursion that may be reached in CMOS 
devices may be as large as 4V. Such a large voltage swing tends to minimize short term instability modulation of the 
35 output frequency produced by the oscillator (jitter modulation). 

- Inverse relationship between the freouencv and the sudpIv voltage 

This condition helps In stabilizing the loop. In fact, the dependency from Vdd of the gain of the VCO compensates 
40 the reduced gain of the phase and frequency detector (PFD) at low Vdd values. This Is extremely advantageous by con- 
sidering that the bandwidth of a PLL depends from the product of the two gains. 

The operating parameters of the VCO of Fig. 3. functioning at a nominal supply voltage of 5V are shown as dia- 
grams of the internal voltages in Figures 4a and 4b, and as a transfer characteristics of the oscillator, for a supply volt- 
age of 4.5V. 5.0 and 5.5. respectively, in Rg. 5. 

45 

Claims 

A voltage controlled oscillator (VCO) comprising a plurality of delaying inverting stages connected in cascade and 
forming a positive feedt)ack loop, each delaying inverting stage being composed of a pair of complementary 
switches (MjP. NjN) driven in common aruj a pair of complementary current generators (MSP, MSN), connected 
between the relative switch (MjP. MjN) and a supply node (Vdd) and a ground node (GDfsO of the circuit, respec- 
tively, and control means responsive to a control voltage (Vc). characterized by comprising 

a transfer gate composed of a pair of complementary switches connected in parallel (MTP. MTN), function- 
ally coupled to the output of each inverting stage and to the input of ttie following inverting stage of said plurality of 
stages connected in cascade ; 

each of said complementary switches (MTP. MTN) of each transfer gate being controlled in common with the 
relative current generator (MSP, MSN) of the inverting stage to the output node of which the transfer gate is cou- 
pled; 

a switch and a current generator (MTN. MSN) being controlled by said control voltage (Vc) while the other 
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switch and current generator (MTR MSP) being controlled by a voltage difference (Vdd-Vc) between the supply 
voKage (Vdd) and said control voltage (Vc). 

2. The voltage controlled ring oscillator according to claim 1 . made in CMOS technology wherein said complementary 
5.1- pairs of switches and current generators are formed by integrated CMOS structures. 

3. The voltage controlled ring osdilator according to claim 2. wherein the ratio between^'d^ntrol voltage (Vc) and 
the supply voltager^^:is?(ferip 

10 4, The voltage comrolled ting p^ciHatdraccording^to clain^fl . wheretiiNsaid^Rtrolrroeane GompBfeeiaijnit^^^ 
ing voltage shiftingrstagep^ornposectof a pai^^ <»mptemei!«a^6transistore^(MVFfeM\«^ 
senes between a supply node (Vdd) arid a ground node (G0N);>the n-channel transist0iv,{MVN) df fte paip-being 
driven through a gate thereof by said control voltage (Vc) while a diode-configured p-channel transistor (MVP) of 
said pair has a gate and a source corinected in common to the drain of the n-channel transistor (MVN). constituting 

IS a node biased at said difference voltage (Vdd-Vc). 

5. The voltage controlled ring oscillator according to claim 4, wherein said transistors (MVN. MVP) of the pair have 
identical transconductance. ' f-* . 



20 6. 
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A method for reducing short term instability of the output frequency produced by a voltage controlled ring oscillator 
due to noise coming from the supply rails (Vdd. GDfsQ and from the control voltage line (Vc). characterized by 

making the frequency produced by the oscillator linearly proportional to the control voltage (Vc) and 
inversely proportional to the square root of the supply voltage (Vdd). 
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